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ABSTRACT 

A WIPP data base that characterizes brine movement and accumulation is 
summarized and analyzed. The data are interpreted in terms of a model for 
flow in a saturated porous medium. The model, summarized in this report, 
embodies the Darcy-flow assumption and storage due to linearly elastic 
compression of the salt and brine. Comparisons between model calculations 
and brine inflow rates measured in the WIPP show order-of-magnitude 
agreement for permeabilities in the range of 10"21 to 10"20 m2 (i - 10 

nanodarcies). These values of permeability are in accord with independent, 
in situ determinations of permeability in the salt. Expected accumulations 
of brine in typical WIPP waste disposal rooms were calculated by numerical 
methods using a mathematical description for the brine inflow model. The 
expected brine accumulation in a disposal room was calculated to be in the 
range of 4 m3 to 43 m3 in 100 years. WIPP disposal rooms, filled with 
waste and backfilled, are expected to be virtually completely 
reconsolidated due to host rock creep in about 100 years, preventing 
further accumulation of brine. Calculations show that water-absorbing 
tailored backfill materials can readily absorb the maximum expected brine 
accumulations in WIPP disposal rooms while maintaining adequate mechanical 
strength. 



ii- 



TABLE OF CONTENTS 

1. INTRODUCTION 
................................................... 

1 

1.1 Early and Related Studies ................................ 
1 

1.2 WIPP In Situ Experiments and Modeling .................... 
3 

2. WIPP BRINE FLOW MODEL 
.......................................... 

5 

2.1 Isothermal Flow 
.......................................... 

6 

2.2 F1ow to a Heated Borehole ................................ 
7 

2.3 Assumptions Inherent in the Model 
........................ 

9 

3. WIPP BRINE FLOW CHARACTERISTICS DATA BASE 
...................... 

11 

3.1 WIPP Brine Sampling Data 
................................. 

11 

3.2 WIPP Moisture Release Data ............................... 
11 

3.3 WIPP Host Rock Permeabilities from Independent 
In Situ Flow Measurements ................................ 

12 

3.4 Data Reduction ........................................... 
12 

3.4.1 Radial Darcy Flow Model for Isothermal Data 
Reduction .......................................... 

12 

3.4.2 Permeabilities from Brine Sampling Data ............ 
13 

3.4.3 Permeabilities from Isothermal Moisture 
Release Data 

....................................... 
15 

3.4.4 Permeabilities and Modeling from Results of 
Thermally-Driven Brine Transport Tests ............. 

15 

3.4.4.1 WIPP Heated Borehole Experiment ........... 
16 

3.4.4.2 Salt Block II Experiment .................. 
18 

3.4.4.3 Inferences from Analyses of 
Thermally-Driven Brine Transport Tests .... 

19 

4. PREDICTIONS OF BRINE INFLOW TO WIPP DISPOSAL ROOMS 
............. 

21 

4.1 Choice of Permeability Values and Other Model Parameters ... 
21 

4.2 Scoping Calculations for Idealized Geometries .............. 
21 

4.2.1 Boundary and Initial Conditions and 

Material Properties ................................ 
21 

4.2.2 Radial Flow to an Isolated Tunnel 
................... 

22 

4.2.3 Steady State Flow to a Line Sink 
.................... 

23 

4.2.4 Horizontal Flow (1-D) to an Isolated Room 
........... 

24 

4.2.5 Horizontal Flow (1-D) to a Room in a Panel 
.......... 

24 

4.2.6 Comparison of Results for Idealized Geometries ...... 
26 

-m- 



4.3 Calculations of Expected Brine Accumulation in 
WIPP Disposal Rooms 

........................................ 
26 

4.3.1 WIPP Disposal Room in a Panel 
....................... 

28 

4.3.2 Sensitivity to Initial Pore Pressure ............... 
28 

4.3.3 Sensitivity of Brine Inflow Host Rock Permeability .. 
28 

4.3.4 Effect of a High-Permeability Disturbed Zone 
Surround!ng a Waste Di sposal Room 

.................. 
28 

4.3.5 Effect of Adjacent Rooms in a Panel 
................. 

29 

5. ASSESSMENT OF BRINE INFLOW EFFECTS ON WIPP DISPOSAL ROOMS 
...... 

30 

5.1 Expected Brine Accumulations in WIPP Disposal Rooms 
........ 

30 

5.2 Absorption of Accumulated Brine by Backfills ............... 
31 

5.3 Capacities of Room Backfill Materials for the 
Absorption of Brine ........................................ 

31 

6. SUMMARY AND CONCLUSIONS 
........................................ 

35 

6.1 Brine Inflow Model 
......................................... 

35 

6.2 Brine Inflow Data Base ..................................... 
35 

6.3 Calculated Brine Accumulations ............................. 
36 

6.4 Absorption of Accumulated Brine by Room Backfills .......... 
36 

6.5 Needs for Further Work 
..................................... 

37 

7. REFERENCES 
................................................... 

38 

8. TABLES 
......................................................... 

43 

9. FIGURES 
....................................................... 

47 

10. APPENDIX A: MATERIAL PROPERTIES 
................................. 

69 

-IV- 



1. INTRODUCTION 

1.1. Early and Related Studies 

That the bedded salt being considered for radioactive waste disposal 
is not completely dry was recognized in the 1970's and early 1980's [1,2]. 
Analyses of water content in bedded rock salt generally [2,3,4] and in WIPP 

site-specific host rock salt [5,6,7] yielded estimates of approximately 0.1 
wt% to 1 wt% unbound (not chemically bound) water. This unbound water can, 
under certain conditions, move to boreholes, sources of heat, access 
drifts, and storage rooms where it can accumulate and introduce humidity. 

During the 1970's, concerns were expressed about the potentially 
deleterious effects of brine on the performance of waste repositories that 
contain radioactive waste [3,4]. At that time, Sandia National 
Laboratories formulated objectives and started a program to evaluate brine 
movement toward both heat-producing and contact-handled waste forms [8]. 
Laboratory studies of brine movement and inflow evolved from that program 
and were concentrated for several years primarily on the migration of brine 
toward heat-producing waste [1]. 

Several laboratory experiments and data analyses were done to quantify 
water release and identify parameters that control brine transport for 
small samples of bedded salt from southeastern New Mexico [1,3,9,10]. The 

results and mechanistic evaluations have been summarized [1]. No single 
operative mechanism for transport of brine to a heat source was found to 
explain the results. 

A complex laboratory experiment was done in 1978-1979 to measure rates 
of water release to a heated borehole in a large block of bedded salt from 
southeastern New Mexico and to compare measured temperatures in the block 
with temperatures predicted by a mathematical model [11]. Measurable 
quantities of water were released. Data interpretations and analyses 
[1,11,12,13,14] yielded inconclusive evidence for any single mechanism of 
water transport [1]. 

In situ brine inflow experiments were conducted with both unheated and 
heated test boreholes in a southeast New Mexico potash mine [1,15]. Small 

water inflow rates to the unheated (before heaters were turned on) test 
boreholes were measured for periods of from two weeks (for two holes) to 
three months (for one hole). Heating increased the inflow rates, and 

inflow pulses were observed when the heater power was either increased or 
decreased. Quantities of salt encrustations in the boreholes measured 
during post-test investigations were consistent with the assumption that 
all the collected water had evaporated from inflowing brine and 

inconsistent with the vapor-phase model for brine inflow [1]. Observations 
about the salt encrustations were generally consistent with a 

stress-gradient model [1] and a fluid-inclusion-motion model [1]. 

Intermediate scale brine migration tests in isolated heated boreholes 
have been under way in the Asse mine in the Federal Republic of Germany 
[16,17]. These tests are located in a relatively pure, dry halite 
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anticline that resulted from diapirism. Water vapor from incoming brine 
was removed from the boreholes in gas streams, condensed, and measured. No 

water was collected in any of the boreholes before heating began. 
Relatively small quantities of water (approximately 0.1 kg per borehole in 
roughly 2 years) were collected during the heated phase [17]. These 
results are consistent with models for brine migration in relatively pure, 
dry halite. They are not necessarily applicable to bedded salt. 

Several mechanistic models were initially proposed and developed for 
long term brine inflow toward nuclear waste disposal excavations in 
relatively pure salt deposits. The early models were focused on thermally 
stimulated transport by mechanisms such as: motion of brine inclusions in a 

temperature gradient caused by a temperature effect on solubility 
[18,19,20]; vapor phase transport through connected porosity driven by the 
water vapor pressure over heated brine [9,12]; and liquid transport through 
connected porosity driven by a stress gradient in the salt [1,13]. More 

recently, a model that couples more than one transport process was 
developed and used for a sensitivity study [21,22]. 

The mechanistic models were used to calculate predicted water 
accumulations under high-level waste repository conditions for a location 
in relatively pure bedded salt [1]. For that purpose, the brine inflow 
models were combined with thermomechanical models for temperature and 

stress distributions. Model parameters were derived from results of 
laboratory and in situ experiments [1]. Most of these experiments were 
done in or with rock salt from a single stratum found in a southeast New 

Mexico potash mine. Typical conditions for heat-producing high-level 
nuclear waste repositories in salt (2.16 kW per canister at emplacement, 
150 kW/acre distributed thermal load) were chosen as a basis for the 
calculations [23]. Predicted accumulations of water were then calculated. 

No more than 20 liters of water, either as brine or as vapor, were 
predicted to accumulate in a waste canister emplacement borehole in intact 
bedded salt during the first 1000 years after emplacement [1]. This 
prediction was based on the existing models for thermally-driven brine 
inflow and data primarily for a single stratum of bedded salt from 
southeastern New Mexico. 

It was also recognized that brine seeps often associated with seams of 
other materials such as clays could deliver more water than the above 
estimate [1]. Therefore, this prediction was considered to be applicable 
to bedded salt generally as long as waste emplacement holes do not 
intersect seams of other materials such as clays and as long as brine 
content and brine behavior at elevated temperatures are not significantly 
different from those of the bedded salt samples that were tested [1]. 
Bedded salt is not pure on a macroscopic scale, and no quantitative 
criterion to identify seams of significant impurity was given. 

Large-scale, site-specific, in situ experiments that duplicate as 

closely as possible the conditions in an actual repository were recommended 

to demonstrate the validity of the brine inflow predictions and to test the 
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existing mechanistic models [1]. In situ WIPP experiments were planned 
[24] for that purpose. 

1.2. WIPP In Situ Experiments and Modeling 

Sandia's WIPP-specific moisture release experiments, under way since 
April 1985, were designed to quantify brine inflow to four large (30 to 36 

inch diameter) boreholes in the proposed WIPP disposal horizon 
[25,26,27,28,29]. The moisture release experiments were integrated with 
the near field effects/waste package full-scale interactions tests [24] 
that simulate near-reference repository conditions for defense high-level 
waste. Released water was measured both before and after heating began. 

For several days prior to the initiation of heating, water was 

collected from each of the four test boreholes at rates in the range of 5 

to 15 g/day [25,26,27,28,29]. This result highlighted the need for a 

site-specific isothermal model of brine movement toward and into WIPP 

excavations. 

After heating began, the water collection rate for each of the four 
boreholes rose to a peak and then decreased [25,29]. A brine transport 
model that matches data for both isothermal and thermally stimulated brine 
inflows would derive support from both data sets. 

The current data base for isothermal brine inflow to WIPP boreholes 
includes data from the WIPP Brine Sampling and Evaluation Program [30]. 
One of the purposes of this report is to evaluate these data and 

incorporate them into the data base for our modeling effort. 

The need for a WIPP-specific brine transport model for both isothermal 
and non-isothermal conditions was recognized prior to 1987 [28], and a 

model was developed with data from the WIPP large scale in situ experiments 
[25,28,29]. This model is for transient Darcy flow in a porous medium. 
Elastic responses of the salt and brine cause the "storage" of brine that 
supports transient flow. Thermal effects are accounted for by including 
the thermal expansion of the brine and the host rock salt. The model is in 
good agreement with WIPP in situ brine inflow measurements when pre- 
excavation pore pressure (hydrostatic to lithostatic) and permeability 
(1 to 10 nanodarcy) are chosen in the ranges derived from independent WIPP 

in situ tests [31,32]. 

Isothermal brine flow to WIPP excavations was also calculated by 
Bredehoeft [33] using a similar Darcy flow model and data for WIPP host 
rock permeabilities. The calculated brine inflow rates were quite low, and 

calculated flows matched WIPP in situ inflow rates [25] for host rock 
permeabilities in the nanodarcy range. 

A model for isothermal brine flow coupled with salt creep, and a 

parametric analysis, based on literature data for properties of salt, was 

reported for an idealized WIPP disposal room geometry [34,35]. This work 
is a credible beginning for exploring the consequences that such coupled 
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processes evoke. It attempts to account for both inelastic dilatation in 
the host rock and the evolving boundary conditions at the room walls. 
However, an important gap in current understanding is the lack of a 

realistic, quantitative model for the inelastic volumetric deformation 
(strain) during creep closure of excavations and the consequent 
permeability changes. This model will be discussed again later in this 
report. Nevertheless, it appears that both inelastic dilatation and 
evolving room conditions tend to weaken the brine inflow. Thus, our WIPP- 
specific model might be regarded as conservative, because it overpredicts 
brine inflow by neglecting these effects. 

A prediction of brine inflow to WIPP TRU (transuranic) waste disposal 
rooms is needed to address the potential consequences of this brine for TRU 

waste isolation. It is desirable to assure that room contents remain in a 

solid rather than a fluid state. Brine inflow, room closure, and brine 
absorption by room backfill materials couple to determine whether the room 
contents remain solid. 

The purpose of this report is to present a WIPP brine flow model, 
data, model calculations, and a quantitative assessment of the response of 
a backfilled, waste-containing disposal room to brine inflow. The brine 
inflow data imply a credible range of permeability values. Permeability 
values calculated from independent in situ measurements of fluid transport 
characteristics are given for comparison. A porous flow model, shown to 
match WIPP brine inflow data, is used to calculate brine inflow quantities 
to WIPP disposal rooms. Tailored room backfill materials are then shown to 
have adequate capacity to absorb the volume of brine that is expected to 
accumulate. 
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2. WIPP BRINE FLOW MODEL 

A brine transport model for both isothermal and non-isothermal 
conditions in bedded salt was developed with data from the WIPP large scale 
in situ experiments [25,28,29]. This model is for transient Darcy flow in 
a porous medium. Elastic responses of the salt and brine account for the 
"storage" of brine that supports transient flow, and thermal effects are 
accounted for by including the thermal expansion of the brine and the host 
rock salt. 

Any model for transient flow of fluid in a porous medium requires the 
stipulation of a mechanism of "storage," that is, local changes of fluid 
mass per unit volume of the medium. In a rigid porous medium, the only 
available mechanism is compression, or the local density change, of the 
fluid. In a deformabte porous medium, storage can be accommodated by 
dilatation of the solid skeleton and local compression of the solid, as 

well. Dilatation of the porous skeleton is the principal mechanism of 
interest in soil and rock mechanics, and is the cornerstone of 
"consolidation" theory. Rock salt, of course, exhibits plastic as well 
as elastic properties. It is, however, plausible that the immediate, 
elastic response of the salt and brine and the subsequent relaxation of the 
pore pressure by flow to the excavation are the predominant mechanisms of 
brine storage and transport, at least over short time scales. 

For a linearly elastic skeleton, Biot [36] generalized the 
consolidation theory, and Rice and deary [37] later recast it in terms 
with straightforward physical interpretations. An extension of this model 

to account for non-isothermal effects, allowing for thermal expansion of 
the fluid and solid, has been presented recently [38,39]. 

The essence of the model is embodied in a diffusion equation for the 
pore pressure that, in certain special cases, reduces to: 

ap , ae 
- - cv2? = b'- , (1) 
at at 

where p is the fluid pore pressure, c is the fluid diffusivity, b1 is a 

source coefficient, and e is the temperature. The fluid diffusivity, c, 
depends upon the permeability, fluid viscosity, and the elastic properties 
of the solid and fluid (see Appendix A). The source coefficient, b', 
depends upon the thermal expansivities of the solid and fluid (see Appendix 
A). For isothermal conditions, the right hand side of (1) vanishes, and the 
classical diffusion equation for Darcy flow is recovered. Various special 
cases widely considered in hydrologic modeling are embedded in this 
formulation [25]. For non-isothermal problems in which conduction heat 
transfer dominates (i.e., small Peclet number), as is certainly true in 
salt, the source term in (1), which represents the generation of pore 
pressure by thermal expansion, must be evaluated from the simultaneous 
solution of the heat equation: 
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38 , 

— - fcv'e = 0 
, (2) 

at 

where K is the thermal diffusivity. Extended discussion of this system of 
equations as well as various solutions to representative initial value 
problems can be found in [38,39]. 

The explicit relationships between properties of salt and brine and 
the coefficients appearing in equations (1) and (2) are given in APPENDIX A 

of this report. The host rock salt permeability, k, and other properties 
of the host rock and brine appear in the fluid diffusivity, c. 

In the data analyses that are discussed here, permeability values, k, 
were chosen to match or bracket the brine inflow data. Other values for 
the host rock and brine properties in the diffusivity, c, were taken from 
known properties of salt and saturated brines. The permeability values 
thus obtained were used to calculate brine inflow to WIPP disposal rooms 
with this model. 

2.1. Isothermal Flow 

Consider now an idealized model for the introduction of a mined drift 
into a deeply buried region. The rock is assumed to be homogeneous and 

isotropic, and the undisturbed stress state is taken to be lithostatic, 
i.e., isotropic, compress!ve, and equal in magnitude to the overburden 
load. The initial pore pressure in the neighborhood of the tunnel is 
assumed to be constant: 

P(r.O) = PQ . (3) 

The pressure po is expected to be between hydrostatic (about 6 MPa) and 

lithostatic (about 15 MPa) [25]; this has been corroborated by field 
measurements from which pore pressures of 8.3 MPa and 10.3 MPa were 
estimated [31]. Superimposed on the hydrostatic pressure is a portion of 
the increased mean stress induced by the presence of the tunnel. The fluid 
pressure then relaxes by Darcy flow toward the tunnel, and the load is 
transferred to the solid skeleton. 

The pressure field corresponding to this sequence is governed by (1) 
with the right-hand side zero and with the initial condition (3) and 
boundary conditions: 

P(a,t)=0 , (4) 

lim p(r,t) = p , (5) 
r -» «> 
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where a is the excavation or borehole radius. Equation (4) simply states 
that the fluid is free to flow to the "drained" face, which is maintained 
at atmospheric pressure. 

The solution to (1) and (3) to (5) is well known (e.g., [40]); the flux at 
the tunnel wall, q(a,t*), follows immediately from Darcy's law by 

differentiation: 

q(a,tj 
kp,4 

^ x2 Jo(u) + Yo(u) u 

• 0 

° 

expt-u2!*) du 
(6) 

where k is the permeability, /i is the fluid viscosity, t* = ct/a2 is the 
normalized time, and ^o(x) an^ ^oW are zero-order Bessel functions of the 
first and second kind, respectively. Note that the sign of the flux is 
negative because it is in the (-r) direction. It is convenient also to 
introduce the asymptotic expansion for early time: 

lim q(a,t*) = - 

t*^ 0 

rr. 

iii 

1 

ft 
t-172 
L* 

1 
+ - 

2 

ft 

4 

tl/2 
l* 

1 

i -'ic 
8 

, (7) 

and that for late time: 

lim q(a,tj = - 

t^-» <» /ja 

^0 
^ 

2 

1n(4tJ - 2-r 

2 

[1n(4tJ - - 2-r] 
2+ ••• ' (8) 

where 7 = 0,, 57722 is Euler's constant. Values calculated with equations 
(6) - (8) are shown in Figure 1. Note that the flux falls off rapidly at 
early time, and changes only slowly for t* > 10. 

2.2. Flow to a Heated Borehole 

Consider now the response of the salt and pore fluid to a constant 
heat flux delivered to a borehole wall. The appropriate initial and 

boundary conditions are then: 

e(r,0) = e 
, 

(9) 

ae q 
— (a,t) = - — 

, 

9r K 
(10) 
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1ime(r,t) = 9^ , 
(11) 

r -> co 

where 60 is the ambient temperature, qh is the heat flux at the borehole 
wall, K is the thermal conductivity, and 

p(r,0) = p(a,t) = lim p(r,t) = 0 
. (12) 

r -» «o 

The initial and far-field conditions on the pressure, equation (12), 
neglect the non-zero ambient pressure considered in the foregoing section 

The solution to the temperature field (equations 2, 9-11) is well 
known [41]; substitution into the right-hand side of (1) yields a 

diffusion equation for the pressure with a known source term. This, in 
turn, can be solved by Laplace transform [38] to give the flux at the 
borehole wall: 

kb^ 2 

q(a,tj = - —————5- - 

/iKR(l - R") n 

exp(-(Aj[$J^) - »Y^)] du 

—o——————o——————o——————o——— 
— 

» (13) 
[J^M + Y^(Ra,)][J^) + Yo((.)] a, 

where 

$ = J^AI + Yg(y)Ag 
, 

» = J^Ag - Yp(u)A^ , 

A^ = JQ(RQ,)Y^R(.) - YQ(R«,)J^RC.) , 

A^ = Jp(Ro,)J^(R^) + YQ(Ry)Y^(Ro?) , 

and R2 = C/K is the ratio of the fluid and thermal diffusivities, or ratio 
of characteristic times for transport of heat and fluid mass, respectively. 
The early-time, asymptotic expansion of (13) is given by 

kb^ r 1 
,/ 

3 + R I 

lim q(a,tj = - —————— 1 - — t^ + 

—. t* ••• . (14) 

t* - 0 /iKR(l + R) L y2»rR 8R 'J 
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2.3. Assumptions Inherent in the Model 

It is our judgement that uncertainties associated with the assumptions 
in the model introduce uncertainty in brine inflow predictions for waste 
disposal rooms of no more than about an order-of-magnitude. Both the Darcy 
model itself and some of the assumptions invoked in order to represent the 
practical problems of interest are idealizations of very complex systems. 
It can be anticipated that some of these idealizations are conservative, in 
the sense that they tend to lead to overpredictions of brine flow at the 
WIPP, and some are "liberal," in the sense that they probably lead to 
underpredictions. The directions of uncertainties that may arise from some 

of the other model assumptions are difficult to assess at this time. 

Assumptions that are likely to lead to overpredictions of brine inflow 
(conservative) include the following: 

There exists a network of interconnected porosity extending 
outward without bound. This assumption implies a limitless 
reservoir of brine. 

The far-field brine pressure is lithostatic. Aside from the 
stress perturbation due to the presence of the excavations, it is 
difficult to imagine a mechanism by which the pressure could rise 
above lithostatic. 

Brine flow is radially symmetric (two dimensional). The 

effect of the third dimension is to weaken the flow by geometric 
spreading of the disturbance. 

The backpressure from the room contents is negligible. Any 
backpressure due to interaction of the salt with solid, fluid, or 
gas in the storage room will mitigate the flow to the room. 

Inelastic dilatation of the salt is neglected (see also 
below). Dilatation of the salt near the excavations due to 
inelastic mechanisms, such as opening grain boundaries, tends to 
decrease the pore pressures that drive flow. 

Assumptions that are likely to lead to underpredictions of brine 
inflow ("liberal") include the following: 

The storage of available brine in the host rock is due 

entirely to elastic compression of the brine and salt. 
Additional (inelastic) storage mechanisms would decrease the 
brine diffusivity and, therefore, increase the decay time for the 
flux. Thus, integrated fluxes over long time would be larger. 
The magnitude of the initial (maximum) flux, however, is 
unaffected by the storage. 
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Inelastic dilatation of the salt is neglected (see also 
above). Dilatation of the salt near the excavations due to 
inelastic mechanisms such as opening grain boundaries tends to 
increase the permeability in that region. However, calculations 
that account for extreme increases in permeability near the wall 
(given in Section 4.3.4 of this report) show relatively small 
increases in the cumulative brine flux, because the flow over 
long periods of time is controlled by the far-field properties. 

The directions of uncertainties about possible effects of inelastic, 
volumetric deformations and of heterogeneities in the host rock salt are 
now difficult to assess. Such effects have not been the focus of the 
laboratory testing program for host rock salt. Also, the effects of 
heterogeneity are difficult to anticipate. Some further work to reduce 
these uncertainties will be described below. However, these effects on 
predicted brine inflow values are not expected to exceed an order of 
magnitude. 
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3. WIPP BRINE FLOW CHARACTERISTICS DATA BASE 

Data pertinent to WIPP brine inflow predictions are available from 
several sources. Brine accumulations were measured by periodic bailing in 
boreholes located over a wide area of the WIPP facility. These 
measurements were part of the WIPP Brine Sampling and Evaluation Program 
[30]. Brine inflow rates were also calculated from moisture release data 
obtained from isothermal and heated boreholes in the Moisture Release 
Experiment for Rooms Al and B in the WIPP [29]. Host rock permeability 
values are available from WIPP in situ brine and gas flow measurements that 
support the WIPP Plugging and Sealing Program [31]. The data from these 
sources are described in the following sections. 

3.1. WIPP Brine Sampling Data 

Deal and Case [30] monitored 54 drillholes throughout the WIPP, most 
of them for about 500 days. They show graphical results for the time 
histories of the total flux for 20 holes. The flow rates to two of the 
holes, BX02 and DH37, fell essentially to zero after 600 days. The flow 
rates to the remaining 18 holes at the end of the reporting period are 
considered here (Table 1). Hole A1X02 exhibited a nearly monotonic decay 
in flow rate for nearly 400 days, but then experienced a steady increase in 
flow rate. The value entered in Table 1 for A1X02 hole corresponds to the 
value at the end of the period of declining rate. The recorded flow rates 
represent the integrated flux over the borehole surface areas, and are 
recorded in Table 1 in units of liters per day, i.e., a volume flow rate. 

3.2. WIPP Moisture Release Data 

Full-scale simulations of high-level waste repository environments 
[24] have been under way at the WIPP site since April, 1985 in two large 
(5.5 x 5.5 x 90 m) rooms, designated Al and B. The rooms are at the WIPP 

waste disposal horizon in the bedded salt of the Salado Formation. In each 
of these rooms is an array of vertical boreholes, heated by electric 
resistance heaters. The boreholes are 0.38 m in radius, and the heated 
length is 3.10 m; the Room B hole designated B041 is an exception, with 
radius 0.46 m and heated length 3.45 m. The heaters in Room Al are designed 
to simulate defense high-level waste at near-reference conditions of 18 
W/m2 thermal loading; each heater is operated nominally at 470 W. Room B 

simulates overtest conditions, at 1500 W per heater. Two of the heated 
holes in each room are instrumented to monitor temperatures and moisture 
release. Moisture from the borehole walls is removed continuously in the 
vapor phase by nitrogen circulated through the holes. The nitrogen is 
passed through cold traps and desiccant canisters, and the mass of water 
collected is recorded. Details of the experimental setup and procedures are 
given in [25,26]. 

Prior to the start of heating, the initial moisture release rate for 
each of the four test boreholes fell within the range of 5 to 15 g/day. 
Upon heating, the 470 W holes in Room Al yielded peaks of 15 to 17 g/day 
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within about 10 days, and the flow rates declined subsequently to about 10 
g/day after 100 days. Flow to the 1500 W holes in Room B continued to 
increase over a longer period, rising to peak rates of 80 to 90 g/day after 
100 days, and slowly decreasing throughout the remainder of the test. 
Cumulative quantities of water were 4.3 kg at 441 days from Room Al 
boreholes and 36 to 38 kg at 600 days from Room B boreholes. These 
moisture release data will be compared with calculations from the model to 
establish a credible permeability range that represents brine transport in 
the host rock. 

3.3. WIPP Host Rock Permeabilities from Independent 
In Situ Flow Measurements 

Permeability values in the range of 10-21 to 10"20 m2 (1 to 10 

nanodarcy) or lower have been derived for intact WIPP host rock from 
independent In situ measurements of brine flow during fluid transport 
experiments [31,42,43]. Independent measurements of the both gas and brine 
permeability of the salt at the WIPP facility horizon have been made using 
constant-pressure and pressure-decay methods in 6.5 cm radius boreholes 
[31,32,42]. These tests showed that permeabilities near the drift wall 
were mostly of the order of 10"20 to 10"I8 m2 (10 to 1000 nanodarcy) or 
higher in some cases. A few meters into the wall. permeabilities were of 
the order of 10-22 to 10~^°m2 (0.1 to 10.0 nanodarcy). Measurements in 
the WIPP waste-handling shaft at levels above the proposed disposal horizon 
confirm the range of 10-2! to 10-20 m2 (1 to 10 nanodarcy) for undisturbed 
host rock salt [43]. The permeability range implied by comparisons between 
model calculations and brine inflow measurements will be compared with 
these results. 

3.4. Data Reduction 

3.4.1. Radial Darcv Flow Model for Isothermal Data Reduction 

An idealized model was introduced previously [25] to investigate the 
order-of-magnitude agreement of observed fluxes with the proposed Darcy 
flow mechanism. This model was described above. In particular, it was 
assumed that mined faces and boreholes introduce zero-pressure surfaces 
into a region of porous salt in which the brine is initially at hydrostatic 
pressure. (It is easy to argue that the initial pressure may be as large as 

lithostatic, but this changes the initial conditions only by a factor of 
about two. The uncertainty in the permeability is expected to be much 

greater.) In this case, the Darcy flux, q, to a circular borehole scales 
in the following fashion [25]: 

q"-^, (15) 
/ia 

where k is the permeability, po is the initial pressure, /i is the brine 
viscosity, and a is the borehole radius. This factor is multiplied by a 
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time-dependent function of order unity that represents the decay of the 
flux as the pressure disturbance propagates away from the hole. The 

characteristic time over which this decay takes place, to, is given by: 

to = |- , (16) 

where c is the fluid diffusivity. For elastic rock, the fluid diffusivity 
scales like: 

c"^, (17) 

where K is an elastic modulus for the porous skeleton. It can be argued 
from the model that, for WIPP salt, the appropriate modulus and viscosity 
yield a diffusivity of the order of 

c - 1.1 x 10l4k m2/s 
, (18) 

where the permeability is given in units of n)2. 

Previous calculations [29,39] suggest that the brine diffusivity is of 
the order of 10-7 n^/s. For a borehole of radius 0.05 m, then equation 
(16) gives a characteristic time of the order of 2.5 x 104 

s, or about 
seven hours. Therefore, after 500 days, the drillholes in the WIPP can be 

expected to be in the asymptotic limit of "late" time. In this case, the 
flux can be approximated by the first term in the series given by equation 
(8): 

kp. 2 

|q| =_o———————— , (19) 
/ia 1n(4ct/a') - 2-y 

where -y " 0.57722 is Euler's constant. 

3.4.2. Permeabilities from Brine Sampling Data 

Deal and Case [30] report the dimensions of the holes from which they 
collected and measured brine, so that it is simple to calculate the 
vertical wall area of each. These values are recorded in Table 2. The 

average Darcy flux (or "Darcy velocity") for each hole is easily calculated 
by dividing the integrated volume flux by the total borehole area. This 
step is not taken here, because the comparison can be misleading. If the 
flow does occur by a Darcy mechanism, then the Darcy velocity is expected 
to scale inversely with the borehole radius. Thus, the appropriate measure 
for a hole-to-hole comparison in this context is the product of the Darcy 
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flux and the borehole radius. The values of this product appear in the 
fifth column of Table 2, labeled "qa". 

The values for the product of the Darcy flux times borehole radius, 
which are proportional to the total flow rates per unit length of borehole, 
center around 3 x 10-12 m2/s. The maximum value is for hole NG252, at 2.1 
x 10-1° m2/s. This hole samples an anomaly in the WIPP host rock; 
consequences of this anomaly will be discussed below. 

The apparent permeability was calculated for each borehole using 
values for "qa", the Darcy flux times the borehole radius, and equation 
(19). In particular, it was assumed that the initial pressure is po = 6.0 
x 106 Pa, corresponding approximately to hydrostatic pressure for a depth 
of 600 m. The brine viscosity is taken to be 1.6 x 10-3 Pa-s. The time 
was assumed to be t = 4.32 x 107 s (500 days) for every hole. The 

diffusivity was assumed to be given by (18). Finally, for each drillhole, 
values for the flux times the radius, qa, are known (Table 2). 

Thus, the only unknown parameter is the apparent permeability, kapp. 
The explicit relationships between the properties of salt and brine and the 
coefficients appearing in the above relationships are given in APPENDIX A 

of this report. Also given in that appendix are the typical properties for 
WIPP salt that were used. 

The nonlinear relationship for "kapp"» represented by equations (18) 
and (19) is then easily solved numerically. The results of this exercise 
are shown in the last column of Table 2. The values shown may be read 
directly as nanodarcies (10-21 m2 « 1 nd). 

Figure 2 shows a histogram of the logarithm of the apparent 
permeabilities given in Table 1. The mean of the log is -20.45 
(k = 3.5 x 10-21 m2, or about 3.5 nanodarcy), and the standard deviation of 
the logarithm of kapp is 0.81. Also shown is the lognormal distribution 
corresponding to these values. These limited data and the highly idealized 
model suggest a lognormal distribution for the apparent permeability. This 
is a common observation in other rocks. 

The highest value of apparent permeability shown in Figure 2, 
4.4 x 10-19 m2, is likely to be anomalously high. That datum represents 
the brine inflow rate to borehole NG252, a borehole that is known to 
intersect a horizontal fracture associated with Marker Bed 139 [30]. Thus, 
the ideal smooth borehole model from which the apparent permeability was 

calculated can be expected to yield an anomalous value that does not 
correctly characterize the host rock salt. A fracture can introduce a 

large surface area for inflow; if this flow is then averaged over the 
borehole wall area only, the calculated flux and the apparent permeability 
will be erroneously large. A model that accounts explicitly for flow to 
both the borehole and a large intercepted fracture should yield a more 

nearly representative value for the apparent permeability. For example, an 

order-of-magnitude estimate of the additional inflow from a 12 m radius 
crack with a very small aperture yields an apparent permeability of 10-20 
m2, a value that is in better agreement with the other permeability values. 
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3.4.3. Permeabilities from Isothermal Moisture Release Data 

Before the heaters were turned on in the instrumented boreholes in 
Rooms Al and B, moisture was collected in all four holes for a few days 
[26]. The integrated mass flow rates were in the range of 5 to 15 g/day, 
which, averaged over the borehole area, corresponds to a Darcy flux of 0.85 
to 2.6 x lO-Il m/s. The product of the flux times the borehole radius, a = 

0.38 m, is then in the range: qa = 3.2 to 9.9 x 10-12 m2/s. In comparing 
these values to those calculated from the IT measurements (Table 2), it 
should be noted that the latter represent flows at much later time (t » 

to). 

The apparent permeabilities for the moisture-release holes were 
calculated in a fashion similar to the approach used above, and the 
resulting values were in the range of 10'21 m2 to 10~20 m2. In this case, 
however, the flow rates measured in the pre-heating stage do not reflect 
very late time, and the asymptotic solution, equation (19), is not 
accurate. Using the full integral solution (6), the same initial 
condition, po = 6.0 x 

106 Pa, and t = 2.1 x io7 s (8 months), the observed 
range of fluxes requires permeabilities in the range k " 2.4 to 
9.3 x 10-21 m2. These values are quite consistent with those required to 
represent the IT data (Figure 2), and, again, are consistent with 
independently measured In situ permeabilities [31,42,43]. 

It should be noted that these permeability values are our best 
estimate so far and represent a significant improvement over an interim 
study [25]. In that study, it was assumed that the test boreholes for the 
WIPP moisture release experiments simply intercepted brine flow to the test 
rooms (WIPP Rooms Al and B). From the scaling relation for the Darcy flux 
to a circular hole or tunnel (equation 15), the permeability is expected to 
scale like k " q/ia/po, where "a" is the appropriate length scale. The 

length scale for the test rooms is 3.5 m; for the test boreholes it is 0.4 
m. Therefore, the apparent permeabilities reported in the interim study 
are about an order of magnitude larger than the apparent permeabilities 
calculated here. Here, the length scale used is the test borehole radius 
of 0.38 m. This scale is appropriate for the model, because the pressure 
field in the neighborhood of the test room should change relatively slowly, 
and flow to the boreholes should respond primarily to the local pressure 
field around the borehole. Time scales for excavations are given in terms 
of radius and diffusivity in equation 16. 

3.4.4. Permeabilities and Modeling from Results of Thermally-Driven 
Brine Transport Tests 

Two cases of thermally-driven transport of brine in salt have been 
analyzed in view of a Darcy-flow model. The data considered were from both 
laboratory and field experiments. In these tests, the flux of brine to a 

heated borehole was monitored over time. The model [38,39] assumes that the 
salt is a fluid-saturated, porous, thermoelastic material. Upon heating, 
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pressure Is induced in the brine due to the thermoelastic compression of 
the matrix and the thermal expansion of the brine relative to that of the 
solid. The brine flows toward the borehole, which is maintained at 
atmospheric pressure. 

It is important to emphasize that the transport processes in this 
model are identical to those considered in the isothermal problems in other 
sections of this report. The capacitance of the salt is due to elastic 
compression of the brine, the mineral grains, and the bulk rock. The 

resistance to flow is represented by the classical Darcy law. Only the 
driving force is different from that treated in the isothermal 
configurations. Here, the brine is pressurized by thermal expansion; in 
the isothermal problems the brine is under an initial pressure due to the 
ambient state of stress in the salt. 

Model results for brine flow due to thermal effects serve several 
important functions in the present context. First, comparisons to 
laboratory and field measurements provide independent tests for the 
validity of the Darcy flow model. If model calculations prove to be 

consistent with observations for thermally-driven flows, then one has 

greater confidence in applying the model to isothermal flows, in which the 
driving forces are different, but the fundamental transport processes are 
the same. Second, these data afford an opportunity to check for internal 
consistency in the material properties invoked. For example, one would 
hope to find that properties such as permeability, indicated by comparisons 
of model calculations and measurements, are similar for both thermally- 
driven and isothermal flows. Finally, the thermally-driven flow 
experiments provide the only detailed, well-controlled, transient data 
available at this time. This is of critical importance, because the brine 
influx issue for the WIPP involves transient flows, which, in the present 
modeling context, require knowledge of two material properties: 
capacitance and permeability or diffusivity and permeability. Fits of 
model calculations to data for transient flows yield both parameters. This 
again provides a check for consistency; one is able to compare to 
independent estimates of the material properties. 

3.4.4.1. wIPP Heated Borehole Experiment 

A detailed, transient analysis of coupled equations (1) and (2) for 
the heated boreholes at the WIPP has not been attempted as yet. Over the 
time scale of the field experiment, two- and possibly three-dimensional 
effects are inevitable, particularly because the test holes are of finite 
length and are part of a large array of heated holes. In addition, 
measured borehole wall temperatures in Room B ranged from ambient (about 
28°C) to nearly 130°C. Over this range, the brine viscosity, ^, is 
expected to decrease about one order of magnitude, and the thermal 
expansion coefficient of the brine is expected to increase by at least a 

factor of two. Thus, the linearized theory discussed above is somewhat 
limited in the present application. 
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Nonetheless, it is worthwhile to perform some idealized calculations 
based on the linear model in order to determine if it captures essential 
features of the data. Figure 3 shows data for the cumulative flux of water 
to borehole B042 at the WIPP; recall that the measurements represent the 
volume of pure water collected. The flow rate rose steadily to a peak value 
of approximately 0.08 I/day at about 100 days, and declined slowly 
thereafter [25]. Also shown in Figure 3 are calculations based on equation 
(13) and the material properties shown in APPENDIX A. The viscosity (/i = 

0.60 x 10-3 Pa.s) and fluid thermal expansion coefficient (of = 5.6 x 10-4 
K-1) used for these calculations are estimated values for a temperature of 
95°C, which corresponds to the borehole wall temperature at the time of the 
peak flux (100 days). 

As in the isothermal case, the observations are bracketed by the 
calculated flow for k = 10-21 to 10-20 m2 (See Figure 3.). For k = 10-21 
m2, the fluid diffusivity is c = 2.8 x 10-7 m2/s and R = 0.33; for k = 10- 
20 m2, the fluid diffusivity is c = 2.8 x 10-6 m2/s and R = 1.1. 

There is a qualitative discrepancy between the measured and calculated 
response at early time, which may be due to omissions in the simplified 
model. In particular, note from (14) that the model fluid flux starts at a 

finite value at zero time, and decays monotonically thereafter. This is 
due, at least in part, to the assumed instantaneous application of a 

constant heat flux to the borehole (10). Analysis that accounts for a wall 
heat flux with a finite rise time indicates that the fluid flux to the 
borehole rises from zero, peaks, and subsequently decays, as observed in 
the experiment. This alone would change the computed cumulative curves 
shown in Figure 3 from concave-up to concave-down at early time. The 
assumed (constant) low viscosity, appropriate for later time, also 
contributes to the overestimation of the flux at early time. 

A further check on the scaling relations revealed by the linearized 
model is possible by noting from (14) that the magnitude of the flux 
predicted is simply 

kb'q11 

q. 
= —————— . (20) 

0 
^KR(1 + R) 

The remaining terms in (13) and (14) are functions of time of order unity. 
Table 3 shows estimates of the peak flux measured in each borehole; in the 
low-power boreholes (A1041, A1042), this peak was reached on a scale of 
roughly 10 days; in the high-power boreholes (B041, B042), the peak was 
reached after approximately 100 days. Equation (20) is then evaluated for 
each hole using the properties given in Appendix A, with the viscosity and 

fluid expansion coefficient adjusted to values appropriate to the borehole 
wall temperature at the time of the peak fluid flux. 
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The scale for the flux (20) emerging from the model analysis is again 
of the correct order of magnitude for permeabilities in the range 10-21 to 
10-20 m2. 

3.4.4.2. Salt Block II Experiment 

The Salt Block II experiment [11] was performed some ten years ago in 
support of the WIPP project. In this experiment, a right circular cylinder 
of salt, 1 m long and 1 m in diameter, was obtained from a potash mine near 
Carlsbad. A 13 cm diameter borehole was located on the axis of the 
cylinder. An electric resistance heater was placed in the borehole, and 
the heater power was stepped up over a range of 0.2 to 1.5 kW, with each 
power level held for a period of several days. The fluid driven to the 
borehole was collected in a low-pressure dry gas stream and absorbed 
externally in a desiccant. Temperatures interior to the block were 
monitored by an array of thermocouples. 

A one-dimensional idealization of the Salt Block II configuration has 
been modeled [44] using the "porothermoelasticity" theory described in 
Section 2. of this report. The block is assumed to be at a constant 
initial temperature, and the initial excess pore pressure is taken to be 

zero. The heat flux at the borehole is represented by a linear ramp up to 
a constant value for each stage of the experiment. The heat flux at the 
outer boundary is represented by a heat transfer coefficient. The pore 
pressure at the borehole is taken to be zero, and the outer jacket is 
assumed to be impermeable, so that the pressure gradient vanishes there. 
The radial normal stress is zero at both the inner and outer radii. 

The coupled heat transfer, fluid flow, and solid deformation problem 
reduces, in this configuration, to a pair of diffusion equations for the 
temperature and fluid pressure. The equations are nonlinear, because the 
model allows for temperature-dependent properties, including the thermal 
conductivity and brine viscosity. The problem is solved numerically by the 
method of lines. 

The numerical solver is coupled to a parameter-estimation code that 
seeks the set of specified parameters that results in the best fit to the 
experimental data. In this case, for example, the thermocouple data are 
fitted by the solution to the conduction calculation to determine the 
thermal conductivity and the heat transfer coefficient at the outer 
boundary. These values are then used in the coupled problem for the fluid 
flow, with the fluid diffusivity and a source coefficient considered 
unknown. Here, the calculated fluid flux at the borehole is compared to 
the experimental measurements. 

The inverse calculations were carried out for the first three stages 
of the Salt Block II experiment, at 0.2, 0.4, and 0.6 kW. An excellent 
representation of the temperature data was obtained, and the inferred 
properties are consistent with independent determinations. For example, 
for constant thermal properties, the procedure indicates a conductivity of 
5.2 W/m/K, which is typical of measurements for WIPP salt [45]. The result 
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of central interest here is that for the brine diffusivity (the 
permeability divided by a capacitance and the brine viscosity). The 

simulations were performed for a fixed value of permeability, k = 10"21 m2 

(1 nanodarcy), and they allowed for a temperature-dependent viscosity. 

The best fit to the fluid flux data was obtained for a reference 
(18-C) diffusivity value of c = 0.70 x 10-7 m2/s. At 28°C, this 
corresponds to a diffusivity of c = 0.87 x 10"7 i^/s. For a permeability 
of 10-21 m2 (1 nanodarcy) and a viscosity of 1.6 x 10-3 pa.s, this implies 
a capacitance of 7.2 lO-12 pa-1. A previous estimate of the capacitance, 
based on independent estimates of the elastic properties of the brine and 

salt [29] was 5.7 x 10-12 Pa-1, and the corresponding diffusivity for k = 

10-21 (1 nanodarcy) was c = 1.1 x 10-7 v^/s. 

Thus, a fit of model calculations to data from the Salt Block II 
experiment yields a fluid diffusivity only about 25% lower than that 
computed from independent estimates of the elastic properties. This 
agreement may be regarded as quite good, given the uncertainty in several 
of the material properties. It might be noted, as well, that one would 
expect the apparent diffusivity derived from a one-dimensional model 

simulation to be less than the apparent diffusivity for the 
multidimensional configuration. The effect of the finite length of the 
cylinder is to allow axial losses of heat and pressure and to allow some 

relaxation of the pore pressure by axial expansion of the solid matrix. 
Thus, the one-dimensional, radial model tends to overpredict the fluid 
flux, which must be accommodated in the parameter estimation scheme by 
reducing the apparent transport coefficients. 

3.4.4.3. Inferences from Analyses of Thermally-Driven Brine 
Transport Tests 

Both laboratory and field experiments that measured brine flow rates 
stimulated by heating of salt from a borehole have been analyzed using a 

Darcy flow model. Although the driving force for the flows is different 
from those that operate under isothermal conditions, the mechanisms of 
"storage" (or capacitance) and flow resistance are identical. Thus, study 
of these configurations has a direct bearing on the isothermal problems 
that are of more immediate concern at the WIPP. In particular, these 
experiments offer opportunities to perform independent model validation 
studies, and to infer material properties by matching model calculations 
and data. 

Calculations with the Darcy flow model for WIPP brine fit data from 
the Salt Block II experiment with very good agreement. The Salt Block II 
experiment is currently the only transient flow test that has been analyzed 
completely in light of the Darcy flow model. Comparisons between the model 

calculations and experimental data for the first three stages of the test 
(0.2, 0.4, 0,6 kW) are excellent. An inverse calculation yields a wholly 
empirical fluid diffusivity measurement, based principally on the decay 
rate of the borehole flux. This, when combined with an assumed 

permeability, provides a direct measure of the capacitance of the salt. 
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The result is only about 25% higher than the capacitance calculated based 
on the elasticity model and independent estimates of the properties. 

The heated borehole experiments at the WIPP also appear to be well 
represented by the linear, thermoelasticity model, and the observed 
cumulative flux is bracketed by calculations for permeabilities of 10-21 m2 

and 10-20 m2 (i and 10 nanodarcies), values that are in good agreement with 
independently-made in situ measurements [31,42,43]. 
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4. PREDICTIONS OF BRINE INFLOW TO WIPP DISPOSAL ROOMS 

4.1. Choice of Permeability Values and Other Model Parameters 

The range of 1 to 10 nanodarcies (10'21 to 10~20 m2) was chosen as the 
experimentally-supported expected permeability range for calculating 
expected brine inflow to WIPP TRU waste disposal rooms and for idealized 
scoping calculations. The experimental support for that range is shown as 
a histogram in Figure 4. The data cluster very strongly in this range. In 
situ measurements of brine permeabilities in relatively undisturbed WIPP 

host rock salt and in other rock types such as anhydrite all fall within 
the chosen range [31,42,43]. 

Explicit relationships between the properties of salt and brine and 

coefficients appearing in brine flow model relationships are given in 
APPENDIX A of this report. Also given there are the material properties 
for WIPP salt that were used in the model. 

4.2. Scoping Calculations for Idealized Geometries 

The calculations in this section serve to illustrate that the 
prediction of WIPP brine inflow cannot be divorced entirely from physical 
models. For example, measurements made in boreholes of roughly the same 

size reveal nothing about the scaling of brine inflow to larger 
excavations. Furthermore, one does not know from tests done on a small 
time scale how to extrapolate brine inflow to much longer times. A model 
is necessary to translate the brine flow pattern surrounding a test 
borehole and its evolution in time to the brine flow pattern and time 
history of flow surrounding a disposal room. 

These calculations also serve to illustrate the magnitudes of brine 
inflow that one might expect from a Darcy flow mechanism and the 
sensitivity of inflow to model variations such as flow geometry and 

consideration of the transient flow component. 

4.2.1. Boundary and Initial Conditions and Material Properties 

It is assumed that the mined room introduces surfaces at atmospheric 
pressure into a region initially at some uniform pressure value. One might 
expect that the initial pressure is bounded between hydrostatic (for the 
depth beneath the water table) and lithostatic (for the repository depth). 
The variation of hydrostatic or lithostatic pressure with depth is 
negligible within a few tens of meters of the repository. More detailed 
discussion of the initial condition, including the effect of the altered 
mean stress field due to the presence of a cavity, is given in [25]. For 
simplicity, the initial pressure in the following Sections (4.2.2 - 4.2.5) 
is taken to be hydrostatic: 

po = 6.0 x 106 Pa; (21) 
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the choice of lithostatic initial pressure would simply increase the 
calculated fluxes and volumes by a factor of about two. The cumulative flux 
is evaluated at 200 years: 

t = 6.31 x 109 s. (22) 

It has been estimated previously, based on independent measurements of 
the mechanical properties of salt [e.g., 45], that the diffusivity for WIPP 

salt is 

c " (1.1 x 10l4)k m2/s 
, (23) 

where k is given in units of m2. 

Permeability (k) values in the range of 10-21 to 10-20 m2 (i to 10 
nanodarcy) or lower have been derived for intact WIPP host rock from 
independent in situ measurements of brine flow during fluid transport 
experiments [31,42,43]. It should be stressed that these estimates are 
subject to improvement from more detailed modeling and field measurements. 
However, they are consistent with the current WIPP data base. 

k « 10-21 to 10-20 m2 (24) 

The brine viscosity at 28°C is 

/* = 1.6 x 10-3 Pa.s . (25) 

Equations (24) and (25) were used to calculate the diffusivity, c, using 
equation (23). 

4.2.2. Radial Flow to an Isolated Tunnel 

The geometry for a radial flow to an isolated tunnel is shown in 
Figure 5. This model accounts for flow from above and below the tunnel. 
It neglects, of course, the effects of the rectangular shape of the room, 
but those effects damp out for later time. The results for this model 

geometry have been discussed in a previous report [25]. 

The flux to the tunnel, q, is given by: 

kp. 4 

|q(a,t)| =-°-^ 
/ja w 

• A 1\ 

exp (-u ct/a ) du 

^ 
Jo(") + Y^(u) u" (26) 

where a is the radius, and Jo and Yo are zero-order Bessel functions of the 
first and second kind, respectively. The total volume of brine is 
determined by multiplying the flux by the area of the tunnel walls 
(vertical side walls, floor, and ceiling for an equivalent rectangular 
room). A calculation for an equivalent waste disposal room follows. 

-22- 



The circumference of a reference waste disposal room (33 ft by 13 ft) 
is 28 m (92 ft); thus, the effective radius of an equivalent circular 
tunnel is 

a = 4.5 m (27) 

and the appropriate area is the sum of the side-wall, floor, and ceiling 
areas: 

AZ = 2548 m2 
. (28) 

Equation (26) then gives the following total brine inflow volumes at the 
end of 200 years , 

V (for k = 10-21 m2) = 6.7 m3 (29) 

V (for k = 10-20 m2) = 40.6 m3 (30) 

4.2.3. Steady State Flow to a Line Sink 

At sufficiently long time, the pressure field does not relax to zero 
everywhere as implied by the diffusion model, but approaches a steady-state 
condition in which the far-field is hydrostatic and there is recharge at 
the water table. See Figure 6 for this geometry. This model should yield 
a smaller brine inflow value, because the higher transient flow at early 
times is not included. In this case, for a/d « 1, the flux at the room 

walls, qwa11» is given by [25]: 

kp. -1 
hwaHl =-°———— , (31) 

^a 1n(a/2d) 

and the cumulative flux is obtained simply by multiplying |qwa1ll ^ tne 
wall area and total time of interest. 

The WIPP facility horizon is about 600 m below the water table, i.e., 
d = 600 m 

. (32) 

Equation (31), along with equations (27), (28), and (32), then gives 
the following total brine inflow values at the end of 200 years: 

V (for k = 10-21 m2) = 2.6 m3 . (33) 

V (for k = 10-20 m2) = 26.3 m3 
. (34) 
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4.2.4. Horizontal Flow fl-D) to an Isolated Room 

This case represents a situation in which there is no vertical flow, 
perhaps because of impermeable, horizontal day or anhydrite seams above 
and below the disposal room. (See Figure 7.) The flow is allowed to spread 
outward without bound, because adjacent rooms in a panel of rooms are not 
considered. 

This problem is exactly analogous to the cooling of a plane half- 
space, and the pressure profile takes the well-known form: 

P = Po erf ——— . (35) 
2,/ct 

where po is the initial pressure, x is the distance away from the wall, and 
c is the diffusivity. The flux at the wall, q (e.g., in units of m3/s/m2), 
is determined from equation (35) using Darcy's law: 

^o 
|q(0,t)| =——°— , (36) 

/iVwCt 

where k is the permeability, and fi is the brine viscosity. The cumulative 
flux, Q (e.g., in units of m3/m2), is obtained from (36) by integration: 

2kp. , ,, Q(t) = ——^ t172 
. (37) 

^/irC 

The cumulative volume of brine is determined by multiplying (37) by the 
area of the vertical side walls of the room. 

The vertical side-wall area for the model room is 

AI = 728 m3 
. 

(38) 

Thus, for 1-D flow from an unbounded domain, equation (37) predicts a 

cumulative volume, 

V (for k = 10-21 m3) = 0.73 m3 
, (39) 

V (for k = 10-20 m3) = 2.33 m3 
. (40) 

4.2.5. Horizontal Flow fl-D) to a Room in a Panel 

The next case to be considered is for one-dimensional flow to one room 
among an array of similar rooms separated by pillars of finite width. See 

Figure 8. In this case, the pressure disturbance can spread only to the 
centerline of the pillar, where it must be symmetric because of flow to the 
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next room. This problem simply looks like the cooling of a finite slab, 
and the solution is again well known: 

\ sin AX 5 

P = Po4 ) ———^P (-^n^ ' 
(41^ 

n 

where L is the thickness of the pillar between rooms and ApL = (2n + l)»r. 
The flux at the wall, q, is again obtained from Darcy's law by 
differentiation of (41): 

kp. \ , 

|q(0,t)| =-°4) exp (-c^t) . (42) 
'L L 

n=0 

The cumulative flux is obtained by integration of (42): 

kp L \ 1 - exp (-cA) 
Q(t) = -°- 4 ) ———————— , (43) 

.c / (V)2 

and the total volume is again obtained by multiplying by the vertical area 
of the side walls. 

For 1-D flow from a finite domain between rooms, using AI from above, 
equation (38), and 

L = 30.5 m 
, 

equation (43) gives: 

V (for k = 10-21 m2) = o.37 m3 

V (for k = 10-20 m2) = o.37 m3 
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These values are identical, because the drainage process is essentially 
complete after 200 years even at the lower diffusivity. This is apparent 
from evaluation of the characteristic time, (L/2)2/c, which takes the value 
2.1 x 10^ s (67 years) for k = 10-21 m2 and 2.1 x 108 s (6.7 years) for k = 

10-20 m2. ^so note that the cumulative flux is significantly less than 
for the isolated room (unbounded flow region), because there is simply a 

smaller pressurized region upon which to draw. 

4.2.6. Comparison of Results for Idealized Geometries 

Results from the highly idealized models considered here are collected 
in Table 4 for ease of comparison. Some observations can be made from 
these calculated results: 

Cumulative brine inflow to waste disposal rooms does not 
scale linearly with host rock permeability. An order-of- 
magnitude increase in permeability results in significantly less 
than an order-of-magnitude increase in accumulated brine. This 
non-linearity occurs, because the characteristic time for the 
transient component of brine inflow is a function of the 
permeability. 

The choice of a flow model has a significant influence on 
the calculated quantity of accumulated brine in waste disposal 
rooms. 

If vertical brine flow is strongly inhibited by bedding 
planes, brine inflow will be much smaller than for the isotropic 
flow case, and adjacent rooms in a panel will also cause 
significantly reduced flow to a disposal room. Bedding planes of 
unusually high permeability could increase brine inflow. 

The transient contribution to brine inflow is significant 
during the first 200 years for a waste disposal room. 

The expected brine inflow volume to a waste disposal room is 
to be no more than a few tens of m3 in 200 years, based on this 
model 

4.3. Calculations of Expected Brine Accumulation 
in WIPP Disposal Rooms 

The WIPP brine flow model was used to calculate, by numerical methods, 
expected brine accumulation values for the WIPP reference disposal room 
geometry (4 m (13 ft) high by 10 m (33 ft) wide by 91 m (300 ft) long). 
These calculations yield more accurate estimates of brine inflow than were 
obtained from the above scoping calculations for idealized geometries. 

Transient, two-dimensional numerical analyses were performed for three 
different disposal room configurations: (1) a room with reference 
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dimensions placed between adjacent rooms in a reference panel configuration 
(30.5 m (100 ft) wide salt pillars between rooms); (2) a reference room 
sufficiently distant from other rooms so that there are no brine flow 
interactions with any other excavations; (3) a room that is larger than 
reference in order to simulate, with void space, a high-permeability 
disturbed zone surrounding a reference room 

Values for model parameters were chosen to represent expected or 
reasonable ranges. The permeability range of 1 to 10 nanodarcies was 

chosen, as described above, as a the expected range for the calculation of 
brine infow. Equation (18) was used to calculate the diffusivity. Two 

values for the initial far field (undisturbed) pore pressure were chosen: 
hydrostatic pressure (6 MPa) and lithostatic pressure (15 MPa). These 
pressure values are reasonable bounds for the expected undisturbed pore 
pressure. 

Brine accumulations were obtained by integrating inflow rates from the 
moment of excavation (t = 0). Actual accumulations in WIPP disposal rooms 
are expected to be smaller, because water from inflowing brine will be 

removed by evaporation into ventilation air during early times when the 
inflow rate is highest. 

Brine inflow into waste-containing, backfilled WIPP disposal rooms is 
expected to cease within 100 years due to consolidation of room contents by 
creep closure [46] and the resulting increase in pore pressure within the 
rooms. The present calculations were carried out to 200 years for 
completeness and ease of comparison with the scoping calculations presented 
in the previous section of this report. 

The numerical model constructed for these studies was based on several 
simplifications: 

The variation of hydrostatic or lithostatic pressure with 
depth was assumed to be negligible within a few tens of meters of 
the repository. 

The effect of closure on room geometry was neglected. 
Closure increases the brine flow path and could decrease brine 
inflow. 

Pressure build-up during creep closure due to the 
compression of room contents is not accounted for. Increasing 
room pressure would decrease the driving force for brine influx. 
Therefore, neglecting this interaction is conservative. 

Symmetry of brine flow was invoked to simplify the numerical 
model. 

Because of the large geometrical dimensions associated with 
the model, the specification of impermeable boundaries for all 
exterior element boundaries vertically above the repository is a 

good approximation of the real situation. 
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Details of the physics, algorithm, model geometry, material 
properties, and boundary and initial conditions are presented elsewhere 
[47,48]. The mesh is a two-dimensional Cartesian finite element mesh that 
was generated by the PATRAN-G [49] finite element graphics package. Upon 
completion of the mesh, it was translated to the equivalent finite 
difference network. The diffusion equation for pore pressure, 
equation (1), was solved numerically using Q/TRAN [50]. 

4.3.1. WIPP Disposal Room in a Panel 

Brine inflow to a typical waste disposal room in a panel was 

calculated for hydrostatic and lithostatic initial (undisturbed host rock) 
pore pressures and permeability values of 1 and 10 nanodarcies. 

The expected range of brine accumulation in a TRU disposal room is 4 
m3 in 100 years for hydrostatic initial pore pressure and 1 nanodarcy 
permeability, to 43 m° in 100 years for lithostatic initial pore pressure 
and 10 nanodarcy permeability. Calculated cumulative volumes are plotted 
in Figures 9 through 12 for times to 200 years. 

4.3.2. Sensitivity to Initial Pore Pressure 

Because of the linearity of the model, the brine flux and 

cumulative brine inflow are proportional to the initial pore pressure. 
This is shown by the analytical results discussed previously (equations 
6,36,42), and corroborated by the numerical calculations. At a 

permeability of 1 nanodarcy, the cumulative brine volume in 100 years 
increases from 4 m3 to 9 m° when the initial pore pressure is increased 
from hydrostatic to lithostatic (from 6 to 15 MPa). At 10 nanodarcy, the 
cumulative volume increases from 17 m3 to 43 m3 for the same change in the 
initial pore pressure. Figures 13 and 14 illustrate the sensitivity to the 
initial pore pressure. 

4.3.3. Sensitivity of Brine Inflow Host Rock Permeability 

Increasing the host rock permeability from 1 to 10 nanodarcy increases 
the brine inflow by a factor that lies between 4 and 5. There is a 

nonlinear relationship between cumulative brine volume and permeability, 
because the rate at which the transient brine inflow decays depends upon 
the permeability. The change in brine inflow rate is significant at these 
permeability values during the first 100 years. These results are 
illustrated in Figures 15 and 16. 

4.3.4. Effect of a High-Permeability Disturbed Zone Surrounding a 

Waste Disposal Room 

The development of a high-permeability disturbed zone surrounding a 

waste disposal room is unlikely to cause a significant increase in brine 
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inflow. The worst-case disturbed zone surrounding a room has infinite 
permeability. Such a disturbed zone can be simulated by moving the 
atmospheric-pressure boundary into the host rock and calculating room 
inflow at that boundary. Host rock salt within that boundary is assumed to 
be hydraulically isolated from the far field; thus the brine that it 
contains experiences no driving force (pore pressure gradient) for flow. A 

disturbed zone 10 m thick above and below a room and 5 m thick on either 
side was simulated by increasing the height of the room by 20 m and the 
width of the room by 10 m. Calculated results are plotted in Figures 17 
and 18 for permeabilities of 1 and 10 nanodarcy. The initial pore pressure 
was taken to be lithostatic pressure (15 MPa). In this simulation, the 
disturbed zone increased the calculated 100-year cumulative brine inflow 
volume from 43 to 52 vft for the maximum expected permeability of 10 

nanodarcies. For 1 nanodarcy, the increase was from 9 m3 to 17 m3. 

4.3.5. Effect of Adjacent Rooms in a Panel 

The effect of adjacent rooms in a panel on brine inflow is to decrease 
the 100-year cumulative brine volume by approximately 25% when the host 
rock permeability is 10 nanodarcy (10-20 m2). This comparison is shown in 
Figure 19 for hydrostatic pressure as the initial pore pressure and in 
Figure 20 for lithostatic pressure. The comparison is between the 
calculated brine inflow to a room far from other rooms and the previously- 
presented calculated inflow to a room in a panel of rooms. 
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5. ASSESSMENT OF BRINE INFLOW EFFECTS ON WIPP DISPOSAL ROOMS 

An assessment of brine inflow effects on disposal rooms is necessary 
to address the potential consequences of this brine for TRU waste 
isolation. It is desirable to assure that room contents remain in a solid 
(non-flowing) rather than a fluid state. The final state of room contents 
will depend on the relative rates of brine inflow and consolidation of room 
contents by creep closure. Consolidation is expected to be virtually 
complete within 100 years [46]. 

It was determined that water-absorbing tailored backfill materials can 
readily absorb the maximum credible expected 100-year brine accumulations 
in WIPP disposal rooms without becoming brine-saturated. This assessment 
was done by coupling expected maximum credible brine accumulations in 
disposal rooms, the expected maximum reconsolidation time of 100 years 
[46], and estimated absorption capacities for room backfill materials. The 
data and calculations that were used are described below. 

5.1. Expected Brine Accumulations in WIPP Disposal Rooms 

Expected accumulations of brine in typical WIPP waste disposal rooms 
were calculated by numerical methods using a mathematical description for 
the brine inflow model. These numerical calculations were given in Section 
4.3 of this report. WIPP disposal rooms filled with waste and backfilled 
are expected to become virtually completely compacted due to host rock salt 
creep in about 100 years [46], preventing further accumulations of brine. 
Therefore, brine accumulations during the first 100 years were used here. 
For a comparative reference, a typical room has an initial excavated volume 
of approximately 3600 cubic meters (950,000 gallons). A summary of 100- 
year brine accumulations from the numerical calculations is as follows: 

Cumulative Brine Volume 
in Typical Waste Disposal 

Host Rock Room after 100 Years, 
Permeability, Pre-Excavation Cubic Meters, (Gallons), 
Nanodarcies Pore Pressure (% of Initial Room Volume) 

1 Hydrostatic 
1 Lithostatic 

10 Hydrostatic 
10 Lithostatic 

4 m3 ( 1000 gal) (0.11%) 
9 m3 ( 2400 gal) (0.25%) 

17 m3 ( 4500 gal) (0.47%) 
43 m3 (11000 gal) (1.19%) 

Other scoping calculations (in Section 4.2 of this report) for 
idealized room geometries (long cylinders) provided confirmation of the 
above results, yielding volumes in the range of approximately 1 to 40 m3. 

The worst credible case 43 m3 of brine is 1.2% of the initial room 

volume, about the same as the quantity of brine in the salt that was 
removed by mining the room. To gain some visual perspective on the 
relative magnitude, one can visualize a layer of brine 4.6 cm (1.8 inches) 
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deep on the floor of a 4 m (13 foot) high room as the equivalent of 43 m3 

of brine in a typical empty WIPP waste disposal room. It will be shown in 
the next section that backfill materials such as crushed salt and bentonite 
clay can readily absorb such a quantity of brine without becoming saturated 
or degraded. 

5.2. Absorption of Accumulated Brine bv Backfills 

As-mined (granular) WIPP salt backfill alone can absorb 40 m3 of 
accumulated brine in a disposal room (93% of the predicted worst case 
43 m3), according to conservative estimates of room backfill quantity and 
water absorption capacity. The absorption capacity is the difference 
between the measured water content (0.5 wt% or less) of mined WIPP salt 
backfill material and the water content (2.5 wt%) of mechanically strong 
blocks pressed from WIPP crushed salt. Details of brine absorption 
capacity calculations for crushed salt are given in the next section of 
this report. 

A tailored backfill material mixture of 30 wt% bentonite Tn crushed 
WIPP salt can absorb 120 m3 of accumulated brine. That is about 3 times 
the predicted worst case 43 m3 in 100 years. This result was also based on 

conservative estimates of room backfill quantity and water absorption 
capacity for bentonite. Bentonite in this WIPP room backfill mixture has 
the capacity to absorb 90 m3 of water (chemically bound) without becoming 
water-saturated [51]. This absorption capacity takes into account water 
that would be pro-absorbed from WIPP air at approximately 70% relative 
humidity [52], an actual humidity value that is currently being measured by 
Sandia in WIPP boreholes (ongoing Room D brine inflow and humidity 
experiments). Details of brine absorption capacity calculations for 
bentonite/crushed salt mixtures are given in the next section of this 
report. 

Tailored backfill mixtures with bentonite as a water absorber have 
always been considered in WIPP backfill investigations. Bentonite mixed 
with 70 wt% WIPP crushed salt is currently being tested in WIPP simulated 
CH TRU waste technology experiments [53]. The long-term stability of 
bentonite in contact with WIPP brines is supported by reported Sandia 
studies [54;]. 

5.3. Capacities of Room Backfill Materials for 
the Absorption of Brine 

Absorption capacity values were calculated in the following way. A 

minimum backfill volume in each disposal room was calculated for a maximum 

reasonable packing density of waste drums. An empty space two feet thick 
at the top of each room allows for backfill emplacement with commercially 
available solids handling and conveying equipment. The water absorption 
capacities of crushed WIPP salt and a mixture of 30 wt% bentonite in 
crushed WIPP salt, both as emplaced backfill materials, were calculated 
from published data. Then the quantity of accumulated brine that the 
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backfill in a room can absorb was calculated by combining backfill 
quantities and absorption capacities with the measured water content of 
WIPP brine. 

WASTE DISPOSAL ROOM VOLUME AVAILABLE FOR BACKFILL 

Basis; 

33 ft wide by 13 ft high by 300 ft long waste disposal rooms 

2 ft diameter by 3 ft tall drums 

3 layers of drums (drums stacked 3-high) 

150 rows of drums, maximum, in each layer 

15 drums, maximum, in each row 

2 ft empty gap between emplaced backfill and room back (roof) 

Calculations: 

volume of each drum = w(l)2(3) = 9.4248 ft3 

maximum number of drums per room = 15(150)3 = 6750 drums per room 

maximum volume occupied by drums = 6750(9.4248) = 63,617 ft3 

volume of empty gap above backfill = 2(33)300 = 19,800 ft3 

volume of disposal room after excavation = 13(33)300 = 128,700 ft3 

minimum volume available for backfill = 128,700 - 63,617 - 19,800 
= 45,283 ft3 

per cent of initial room volume available for backfill = 

45,283 + 128,700 x 100 = 35% 

WATER ABSORPTION CAPACITY OF WIPP CRUSHED SALT 

Basis: 

as-emplaced water content [55,56] = 0.5 wt% 

maximum water content in strong crushed salt blocks [57] = 2.5 wt% 

net allowed water content gain =2.5-0.5= 2.0 wt% 

bulk density of crushed salt backfill material [55] = 1300 kg/m3 
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Calculations; 

minimum water absorption capacity = (0.02)1300 
= 26 kg water/m3 crushed salt 

volume of disposal room after excavation = 128,700(0.3048)3 
= 3644 m3 

volume available for backfill = 3644(0.35) = 1276 m3 
= 35% of room volume 

quantity of water that can be absorbed in the crushed salt backfill 
in a room = 26(1276) = 33,164 kg water absorbed/room 

WATER ABSORPTION CAPACITY OF A MIXTURE OF 30 WT% BENTONITE WITH CRUSHED 
WIPP SALT 

Basis; 

water content of bentonite equilibrated with water vapor in 
disposal room air [52] = 0.15 g/g bentonite 

total water capacity of emplaced bentonite [52] = 0.3 g/g bentonite 

available water gain in bentonite backfill [52] = 0.15 g/g 
bentonite 

bulk density of 30 wt% bentonite in WIPP crushed salt [55] = 

1300 kg/m3 

Calculations; 

water absorption capacity of bentonite in mixture = 

0.15(0.3)1300 = 58.5 kg water/iT)3 backfill mixture 

water absorption capacity of crushed WIPP salt in mixture = 

0.02(0.7)1300 = 18.2 kg water/m3 backfill mixture 

total water absorption capacity of backfill mixture = 

58.5 + 18.2 = 76.7 kg water/m3 backfill mixture 

volume of disposal room after excavation = 128,700(0.3048)3 
= 3644 m3 

volume available for backfill = 3644(0.35) = 1276 m3 
= 35% of room volume 

quantity of water that can be absorbed in the crushed 
salt/bentonite backfill mixture in a room = 

76.7(1276) = 97,869 kg water absorbed/room 
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ABSORPTION OF WIPP BRINE BY DISPOSAL ROOM BACKFILLS 

Basis: 

maximum expected 100-year brine accumulation = 43 m3 brine/room 

density of WIPP brines [58] = 1.2 g/cm3 » 1200 kg/m3 

water in WIPP brine "weeps" [58] - 0.6877 kg water/kg brine 

quantity of water that can be absorbed by a room backfill of 
100% crushed WIPP salt (see above) = 33,164 kg water/room 

quantity of water that can be absorbed by a room backfill mixture 
of 70 wt% crushed salt/30 wt% bentonite (see above) = 

97,869 kg water/room 

Calculation for 100% crushed WIPP salt: 

quantity of brine that can be absorbed by crushed WIPP salt 
backfill » 33,164 + ((0.6877)(1200)) - 40 m3 brine/room 

per cent of 100-year brine accumulation that can be absorbed by 
WIPP crushed salt room backfill = 40 + 43 = 93% 

Calculation for 70 wt% WIPP crushed salt/30 wt% bentonite mixture; 

quantity of brine that can be absorbed by mixture = 

97,869 + ((0.6877)(1200)) = 119 m3 brine/room 

per cent of 100-year brine accumulation that can be absorbed by 
crushed salt/bentonite room backfill mixture = 119 + 43 = 277% 

-34- 



6. SUMMARY AND CONCLUSIONS 

Water-absorbing tailored backfill materials can readily absorb the 
maximum expected brine accumulations in WIPP disposal rooms while 
maintaining mechanical strength and without becoming brine-saturated. 
Crushed WIPP salt alone can absorb almost all of the maximum expected brine 
accumulation. Salt creep is expected to virtually completely reconsolidate 
backfilled waste disposal rooms within 100 years, increasing the pore 
pressure in the room and stopping brine accumulation at that time. The 

expected 100-year brine accumulations were calculated with a predictive 
Darcy flow model for the movement of brine to WIPP excavations. The model, 
data base, expected brine volumes, brine absorption capacity of backfills, 
and needs for further work are summarized below. 

6.1. Brine Inflow Model 

We have a predictive model for the movement of brine to WIPP 

excavations from WIPP rock salt. This model is based on well-known 
physical processes of groundwater flow in granular deposits. All values 
for model parameters are consistent with independent measurements of brine 
and host rock salt properties, and brine movements calculated from the 
model are consistent with the body of existing data for brine accumulations 
in WIPP underground test boreholes. The details of the model and its 
applicability to WIPP rooms and test boreholes rest upon a number of 
assumptions that are being subjected to further testing. Experiments are 
underway in the WIPP specifically for that purpose [59]. 

According to the model, brine flows in intergranular spaces within the 
polycrystalline host rock salt under the driving force of preexisting 
hydrostatic (groundwater head of approximately 900 psi, or about 6 MPa ) or 
lithostatic (overburden pressure of approximately 2200 psi, or about 15 
MPa) pore pressure toward the atmospheric pressure at excavation walls. 

The capability of the host rock salt to allow flow under this driving 
force, commonly expressed as a "permeability", is very small, in the range 
of 1 to 10 nanodarcies. These permeability values are in good agreement 
with independent WIPP in situ fluid flow measurements. The Darcy flow 
process in geologic materials is well understood, and the describing 
mathematical formalism is accepted by the scientific community. 

6.2. Brine Inflow Data Base 

The range of permeability values for the model, 1 to 10 nanodarcy, was 
derived from WIPP in situ tests and brine sampling data, and data from 
moisture release experiments. Permeability values in this range or lower 
have been derived for intact WIPP host rock from several independent in 
situ measurements of brine flow in the host rock salt and in interbeds such 
as anhydrite (e.g., Marker Bed 139). These in situ measurements constitute 
the most reliable source for the host rock permeability. The measurements 
were made at the disposal horizon and at intervals above in the waste- 
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handling shaft. Permeabilities in the disturbed zone near drift walls were 
greater than 10 nanodarcy. 

Darcy flow permeability values calculated from IT Corporation's WIPP 

brine sampling data were described reasonably well by a typical lognormal 
distribution with a logarithmic mean of 3.5 nanodarcy. A lognormal 
distribution of permeability values is a common observation for other rock 
types. Permeability values similarly calculated from Sandia moisture 
release data (Rooms Al and B) are in the range of 2 to 9 nanodarcy. 

It is our judgement that the uncertainty in permeability is in the 
order-of-magnitude range. The details of the model and its applicability 
to WIPP rooms and test boreholes also rest upon a number of assumptions. 
For the most part, these assumptions are likely to yield conservatively 
large values for long term brine inflow. Critical assumptions concerning 
flow mechanisms are being tested with ongoing and planned WIPP experiments. 
Potential inaccuracies stemming from idealized geometries are being 
investigated with more detailed numerical calculations. 

6.3. Calculated Brine Accumulations 

The maximum expected brine accumulation in a disposal room was 
calculated to be 43 m3. Expected accumulations of brine in typical WIPP 

waste disposal rooms during 100 years after waste emplacement were 
calculated by numerical methods using a mathematical description for the 
brine inflow model. WIPP disposal rooms, filled with waste and backfilled, 
are expected to be virtually completely reconsolidated due to host rock 
creep in about 100 years, preventing further accumulation of brine. 
Expected cumulative brine volumes were in the range of 4 m3 to 43 m3. 
Other, less complex calculations for idealized room geometries (long 
cylinders) provided confirmation of these values, yielding volumes in the 
range of about 1 to 40 m3. The maximum expected accumulation, 43 m3, is 
1.2% of the initial room volume, about the same as the quantity of brine in 
the salt that was removed by mining the room. 

6.4. Absorption of Accumulated Brine by Room Backfills 

Mined WIPP salt backfill alone can absorb 40 m3 of accumulated brine 
in a disposal room (93% of the expected worst case of 43 m3), according to 
conservative estimates of room backfill quantity and water absorption 
capacity. The absorption capacity is the difference between the measured 
water content (0.5 wt% or less) of mined WIPP salt backfill material and 

the water content (2.5 wt%) of physically strong blocks pressed from WIPP 

crushed salt. 

A tailored backfill material mixture of 30 wt% bentonite in crushed 
WIPP salt can absorb 120 m3 of accumulated brine, about 3 times the worst 
credible case of 43 m3. The bentonite in this WIPP room backfill mixture 
has the capacity to absorb 90 m3 of water without becoming water-saturated. 
This absorption capacity takes into account water that would be pre- 
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absorbed from WIPP air at approximately 70% relative humidity, an actual 
humidity value that is currently being measured by Sandia in WIPP boreholes 
(ongoing Room D brine inflow and humidity experiments). 

Tailored backfill mixtures with bentonite as a water absorber have 
always been considered in WIPP backfill investigations. Bentonite mixed 
with 70 wt% WIPP crushed salt is currently being tested in WIPP simulated 
CH TRU waste technology experiments. The long-term stability of bentonite 
in contact with WIPP brines is supported by reported Sandia studies. 

6.5. Needs for Further Work 

Remaining uncertainties in the host rock permeability, in other brine 
inflow model parameters, and in mechanistic details of the model should be 

addressed. Experimental work and model development are needed. 

The following in situ measurements are recommended to reduce 
uncertainties and test aspects of the existing model: 

host rock permeabilities to brine throughout the WIPP underground 
and in all representative strata 

host rock pore pressures beyond and within the disturbed zone 

brine inflow rates to excavations of significantly different 
scale, including large room-shaped excavations 

brine inflow rates to identifiably different strata 

responses of host rock flow properties and pore pressures to 
changes in stress and strain 

Scale-up predictions and certain mechanistic assumptions in the model 

concerning pore pressure and flow paths will be tested with ongoing and 
planned WIPP in situ tests in small (4-inch) and large (36-inch) diameter 
boreholes [59]. 

Laboratory measurements of shear strain and permeability may aid the 
development of relationships between host rock creep and flow properties. 

Brine inflow model development is also recommended. Permeability 
variations that depend on stratum, general location, host rock stress, and 

host rock creep (disturbed zone development) should be considered in the 
model. The host rock salt is heterogeneous, and, to be complete, the model 

should be developed further to reflect that heterogeneity. Experimental 
testing of model assumptions can be guided by sensitivity studies. 
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Hole 
number 

IG202 
IG201 
NG252 
A1X01 
A1X02 
A2X01 
A2X02 
A3X01 
A3X02 
BX01 
DH36 
DH38 
DH40 
DH42 

DH42A 
DH35 

L1XOO 

DH215 

Flow Rate 
I/day 

0.014 
0.025 
0.250 
0.026 
0.010 
0.025 
0.015 
0.023 
0.001 
0.055 
0.250 
0.055 
0.005 
0.030 
0.095 
0.002 
0.028 
0.004 

Area 
m2 

5.20 
5.91 
0.26 
4.84 
5.74 
4.87 
5.13 
4.91 
4.93 
4.87 
4.38 
4.04 
4.34 
4.35 
3.44 
4.42 
3.72 
1.22 

Radius 
m 

0.0572 
0.0572 
0.0190 
0.0508 
0.0508 
0.0508 
0.0508 
0.0508 
0.0508 
0.0508 
0.0444 
0.0444 
0.0444 
0.0444 
0.0444 
0.0444 
0.0380 
0.0508 

Table I. Observed flow rates for WIPP boreholes [30] 
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Hole 
number 

IG202 
IG201 
NG252 
A1X01 
A1X02 
A2X01 
A2X02 
A3X01 
A3X02 
BX01 
DH36 
DH38 
DH40 
DH42 

DH42A 
DH35 
L1XOO 
DH215 

Flow Rate 
I/day 

0.014 
0.025 
0.250 
0.026 
0.010 
0.025 
0.015 
0.023 
0.001 
0.055 
0.250 
0.055 
0.005 
0.030 
0.095 
0.002 
0.028 
0.004 

Area 
m2 

5.20 
5.91 
0.26 
4.84 
5.74 
4.87 
5.13 
4.91 
4.93 
4.87 
4.38 
4.04 
4.34 
4.35 
3.44 
4.42 
3.72 
1.22 

Radius 
m 

0.0572 
0.0572 
0.0190 
0.0508 
0.0508 
0.0508 
0.0508 
0.0508 
0.0508 
0.0508 
0.0444 
0.0444 
0.0444 
0.0444 
0.0444 
0.0444 
0.0380 
0.0508 

ga 
- 

kapp 
m2/s m2 (xIO-21) 

1.78 x 10-12 
2.80 x 10-12 
2.11 x 10-10 
3.16 x 10-12 
1.03 x 10-12 

3.02 x 10-12 
1.72 x 10-12 
2.75 x 10-12 
1.19 x 10-13 
6.65 x 10-12 
2.39 x 10-11 
7.02 x 10-12 
5.90 x 10-13 
3.55 x 10-12 
1.42 x 10-11 
2.37 x 10-13 
3.32 x 10-12 
1.92 x 10-12 

1.94 
3.24 

445 

3.83 
1.07 
3.64 
1.92 
3.28 
0.08 
8.81 

46.4 
9.62 
0.59 
4.51 

21.0 
0.20 
4.33 
2.19 

Table 2. Observed flow rates for WIPP boreholes 
and apparent permeabilities based on eq. (19). 
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Hole 
number 

A1041 
A1042 
B041 
B042 

Heat 
Flux 

(W/m2) 

63.3 
63.3 

151.2 
202.2 

Wall 
Temp. 
(°C) 

35 
38 
90 
95 

Observed 
Peak Flux 

(m/s) 

3.0 x 10-11 

3.9 x 10-11 
1.1 x 10-10 
1.3 x 10-10 

Calc. Scale, qo (m/s) 

k = 10-21 in2 k = 10-20 m2|. 

3.8 x 10-11 

3.9 x 10-11 

1.3 x 10-10 

1.7 x 10-10 

8.7 x 10-11 
8.9 x 10-11 

2.6 x 10-10 

3.6 x 10-10 

Table 3. Flux calculations for heated boreholes. 

Model 

Lateral semi-inf. 
Lateral finite 

Radial 
Line sink 

Equation 

(37) 
(43) 
(26) 
(31) 

Cumulative Volume (m3) 
- 10-21 m2 k = 10-20 m2 

0.7 
0.4 
6.7 
2.6 

Table 4. Summary of results for cumulative volume at 200 years. 
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Figure 1. Flux to a circular tunnel or borehole. 
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Figure 2. Apparent permeabilities based on BSEP data. 
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Figure 3. Comparison of observed (+) cumulative volume in 
borehole B042 with calculated brine inflow volume 
for k = 10-21m2 and for k = 10-20m2. 
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Figure 5. Geometry for radial flow to an isolated tunnel 
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Figure 6. Geometry for steady flow to a line sink. 

-54- 



impermeable 

}/^ P 
/ ^^ 

/ / ^ 

\ 

i y^^ \m 

\ \ \ \ 

'- - \ - 

"• ^ \~- '' 
—————————————————^. 

^. ^ \ ^ ^ a> 

^^ K 

^ 
/ 

" 
/ ^ /^ 

Figure 7. Geometry for lateral flow to an isolated room. 
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Figure 8. Geometry for lateral flow in an array of rooms. 
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Figure 9. Calculated brine accumulation in a typical waste 
disposal room in a panel; Po = hydrostatic pressure; 
K = 1 nanodarcy. 
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Figure 10. Calculated brine accumulation in a typical waste 
disposal room in a panel; Po = lithostatic pressure; 
K = 1 nanodarcy. 
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Figure 11. Calculated brine accumulation in a typical waste 
disposal room in a panel; Po = hydrostatic pressure; 
K = 10 nanodarcy. 
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Figure 12. Calculated brine accumulation in a typical waste 
disposal room in a panel; Po = lithostatic pressure; 
K = 10 nanodarcy. 
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Figure 17. Effect of disturbed host rock zone on calculated 
brine accumulation; simulated with enlarged room; 
Po = lithostatic pressure; K = 1 nanodarcy. 
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Effect of disturbed host rock zone on calculated 
brine accumulation; simulated with enlarged room; 
Po = lithostatic pressure; K = 10 nanodarcy. 
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10. APPENDIX A: MATERIAL PROPERTIES 

The explicit relationships between the properties of salt and brine 
and the coefficients in the model equation (1) are as follows: 

The fluid diffusivity, c, is given by 

k 2G(1 - „) fB^l + ^ }2(l - 2^ 
c = - ————— —————u—————— , 

^1-2^ [ 9(1 - ^)(^ - »/) J 

1 K(l - K./K) 
- = 1 + $ ————^-s- , 

B 
° K^(l - K/K^) 

3i/ + B(l - 2«/)(1 - K/iy 
l/u 

3 - B(l - 2^){1 - K/iy 

where G is the elastic shear modulus, v is Poisson's ratio under "drained" 
(p = 0) conditions, $o is the reference porosity, K is the drained bulk 
modulus, Kf is the fluid bulk modulus, and Ks is the bulk modulus of the 
solid, mineral grains. 

The source coefficient, b', is given by 

4GB(1 + ^ ) f B(l - ^)(1 + v ) 
b' = —————"- 

L + —————————"- $ (c^ - a ) 
9(1 - ^) Is 2(^ - .) 

° • s 

. 

where as ^d "f are tne thermal expansion coefficients for the solid and 

fluid constituents, respectively. Typical values of these properties for 
WIPP salt, used in the following calculations, are collected in the 
following table: 
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Property Symbol 

Thermal: 
Thermal conductivity K 

Thermal Diffusivity K 

Elastic: 
Drained bulk modulus K 

Shear modulus G 

Drained Poisson ratio v 

Fluid bulk modulus Kf 
Solid bulk modulus Ks 
Fluid expansivity (28°C) af 
Solid expansivity 05 

Hydraulic: 
Permeability k 

Porosity $o 
Fluid viscosity (28-C) /i 

Derived: 
Fluid diffusivity c 

Source coefficient b' 
Pressure coefficient B 

Undrained Poisson ratio i/n 
Diffusivity ratio R2 

Value Units 

5.0 U m-l K-l 
2.5 x 10-6 m2 s-1 

20.7 GPa 

12.4 GPa 

0.25 
2.0 GPa 

23.5 GPa 

4.6 x 10-4 K-l 
1.2 x 10-4 K-l 

10-21 to 10-20 m2 

0.001 
1.6 x 10-3 Pa s 

1.1 x 10-7 m2 s-1 
to 1.1 x 10-6 

1.1 x 106 Pa K-l 
0.926 
0.273 

0.042 to 0.419 
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